In this study, we propose new attenuation relations for use in possible future macroseismicity-based analyses for Turkey. The most significant difference of the new relationships is that they are specifically designed for use in the full extent of Turkey. Besides, this paper supplies an extensive macroseismic database larger than ever collected for Turkey. To this end, a modifiable MATLAB program, which is fully presented in the electronic supplement to this paper, was written to analyze the collected isoseismal maps that were first geo-rectified and then gridded by dividing them into 0.02° arrays. The epicentral distances belonging to each point intersected with the pertinent isoseism were compiled in an event-based log. Then, all subsets were merged into a single dataset, which is presented in the electronic supplement. Required strong ground motion parameters were taken from an improved earthquake catalog recently given by Kadirioğlu et al. (B Earthq Eng 1:2, 2016). For modeling the relations, the early relations were mostly selected as patterns for our candidate attenuation models. Of all candidate models, the statistically significant ones were individually tested whether or not they were able to detect the best fitting model to our database. The predicted error margins of the proposed models were compared to those of early models using data-driven statistical tests. In conclusion, considering the usability limits, the estimation capabilities of proposed relationships were found to be useful to some extent than those of the early models developed for Turkey.
Introduction
Real-time earthquake damage mitigation is a composite effort that includes the determination of earthquake source parameters, delineation of the expected distribution of shaking intensity and dissemination of the resultant information to several users. However, while supplying the data to the users in a few minutes to hours, the actual damage due to shaking may have already occurred (Kanamori 2007 ). On the other hand, Earthquake Early Warning Systems (EEWS) is the fast-track process which is ideally needed to be completed before shaking begins at a location where may be affected due to an earthquake to an extent. It also utilizes the opportunities of the advanced real-time monitoring systems whose interaction velocity is much more faster than that of the seismic waves propagate (3-6 km/s) (Böse et al. 2007; Minson et al. 2018) .
Because of the growing interest in EEW studies, the number of macroseismic studies has been increasing through the medium of current technological developments (i.e., fast determination of strong ground motion parameter, affordable and easy-to-use airborne screening techniques, new developments on software tools, increased awareness within the community through media, etc.) for decades. To detect the possible vulnerability zones and casualty risk in and around the damage-prone area due to a destructive earthquake is a crucial task of earthquake science. The issue of EEW is accepted as a certain scientific struggle in all earthquakeprone countries just like Turkey in order to save even a more sufferer's life and decrease the loss of property.
All over the world, one of the most significant earthquake-prone countries is Turkey (Bozkurt 2001) . Turkey has a long history including life and property losses caused not only by moderate but also large earthquakes. The main characteristics of building stock in Turkey comprises of reinforced concrete (RC), masonry and wood frame structures. Of all the types of building, RC structures are pronounced to be the most engineered ones. Low-rise and mid-rise RC framed buildings comprise of the great majority of the building compendium of Turkey. They are used either for residential or for commercial purposes. However, the latter two types of building have been widespread in places off from the city center and also in rural areas of Turkey. Further, they are built traditionally mostly without any or succinct engineering service (Erberik 2008a, b) .
It is clearly evident that the poorly or non-engineered part of the building stock of Turkey has been fairly prone to the possible damage due to even moderate earthquake. In this regard, the motivation behind this study lies not only on the importance of the current earthquake risk of Turkey but also in the necessity of new relations that should explain the attenuation characteristic without depending on advanced instrumental ground-motion amplitudes.
In Turkey, a new real-time earthquake loss forecasting and alert software called AFAD-RED (Rapid Earthquake Damage and Loss Estimation System) has only been in use for a few years. It is still being improved by the Republic of Turkey Prime Ministry Disaster & Emergency Management Authority (abbreviated as AFAD in Turkish and it refers to the word of disaster spoken into the old Turkish) (Yalçin et al. 2017 ). On the other hand, KOERI (Kandilli Observatory and Earthquake Research Institute at Boğaziçi University) produces synthetic isoseismal maps through Earthquake Loss Estimation Routine-ELER (Hancilar et al. 2010) . Very few but similar applications have long been used by several research institutes in various parts of the world for years. When examining the number of real-time earthquake alert systems in the world, Turkey is not late in this regard. However, the necessity of developing new improved predictive tools for earthquake loss forecasting and alert issues is evident nevertheless.
To determine the impact of an earthquake, macroseismic intensity measures (I or I M ), which are relatively old and undoubtedly powerful tools, have widely been using for more than a century. These measures are mostly associated with the significant properties of the strong ground motion amplitudes. Besides, the use of I in a hazard assessment, risk evaluation and vulnerability determination is a fairly beneficial tool both for engineers and decision makers. However, whichever algorithm or software is used, the use of an attenuation relationship is considered as indispensable. On the issue of developing attenuation models, lots of efforts have been paid, and significant progress has been made for different zones of the world to date. The previous studies on macroseismicity attenuation models of Turkey (Erdik et al. 1985; Erdik and Eren 1983; Erdik and Öner 1982; Kolçak and Sipahioğlu 1979; Sørensen et al. 2009; Yarar et al. 1984 ) are very useful but slightly outmoded due to the recent advancement in the technology and recent compilations made for the purpose of creating enlarged databases. Because they were created using either a few or very local data. However, there is a lack of studies supplying the update attenuation models for use in Turkey.
The principal goal of this study is to develop new macroseismic attenuation models for use in possible future macroseismicity analyses for Turkey. Each new relation has individually been examined to detect its prediction capability and its usability limits against the previous models developed for Turkey. Several unbiased statistical measures have been used to compare the candidate models using the information of real earthquakes.
Backgrounds of the model selection
The initial studies on macroseismic attenuation models date back to the early 1900s. The basic motivation for early studies lies in the urge to develop a relation body that explains the energy dissipation characteristics of an earthquake on the Earth. Besides, the attenuation models give the users an opportunity to infer earthquake-related information from historical isoseismal maps. The review-like paper of Sponheuer (1960) is regarded as a breakthrough study which helped to disseminate the different models even developed in different languages. After the publication, the number of research on this subject gained a certain level of scientific integrity. In this sense, Sponheuer (1960) proposed a twopiece attenuation model whose first term represents the geometric propagation and the second term is for the energy absorption. Whereupon the attenuation models of macroseismic intensity began to be analyzed in this way. The first part is the "epicentral intensity" (I 0 ) which is attributed to near-field condition. The second part defines the distancebased energy decrease (i.e., medium and far-field conditions) that mostly includes an extra depth-related term. Although the near-field state is a fairly significant and commonly used term in engineering seismology, any consensus about this term has not been made to date. As is known, the near-field condition is valid in 30-50 km distances from the epicenter. However, this interval signifies an implicit boundary as well. Keeping this in mind, the two concepts (near and far-field) can also be compiled in a unique relation form called "site intensity" (I S ).
On the other hand, epicentral intensity (I 0 ) can also be determined by different definitions, and they have not been fully explained and still a unanimous (Cecic et al. 1996) .
As its name implies, the I 0 refers to as an intensity which is immediately felt in the proximity of the epicenter. However, as is rarely seen in some actual occurrences, maximal intensity can start at a certain distance away from the epicenter that tends to spread to any direction. In this circumstance, the observed intensity scattering is called barycentric intensity (BI) (Musson and Cecić 2002) . Even though barycentric is not a very frequent case, it is also visible to the eyes to an extent in some earthquakes of our database.
As a dependent variable in the models, the I 0 is mostly represented by a functional form such as I 0 = a + bM + c log(h) , where a, b and c are the coefficients, M is the magnitude term, and h is the hypocentral depth, and they are all independent variables. However, when aiming to predict the felt intensity in order to make an inference based on ready-to-use isoseismal map, it is barely impossible to use depth information of historical earthquakes, if no land survey has been conducted in any way. In that case, the base relationship can be modeled as versatile tool in simplified form; for example, I 0 = a + bM . In both cases, the epicentral intensity models can be used to determine the site intensity through some modifications. Besides, the presence of the depth term in epicentral intensity relations is a quite controversial issue. Because as is assumed in the wave propagation theory, hypocentral depth has been less effective on the anelastic attenuation over the epicenter. So, if a site intensity relation includes a kind of logarithmic depth and some distance terms to represent the full-scale anelastic attenuation, additional distance-based terms can be discarded (Sørensen et al. 2009 ).
In this study, previous relations having different modeling forms have been selected as candidate relations. They have been slightly modified to find the most appropriate feature. All candidate relations have deliberately been designed to yield the site intensity. Epicentral intensity relations (I 0 ) can also be considered a part of the piecewise site intensity relations. In some cases, the site intensity relations can be constructed in the form of I S = I 0 + ⋯ or I S − I 0 = ⋯ . In this study, all candidate relations I S = I 0 + ⋯ get started with the epicentral intensity part in the form of I S = a + bM W + ⋯ . The epicentral intensity is commonly known as the first detected intensity due to an earthquake. As long as the spatial distribution of dwellings and population is regular, the epicenter emerges as a spatial location where most of the loss is experienced. On the other hand, the candidate models have been designed to show a strong capability on both geometrical spreadings (near-field) and anelastic energy absorption (far-field).
Since the seismicity of a region is of apparent properties which are different from those of another region, the macroseismic intensity models are mostly developed as to region-specific. Therefore, it is often not possible to compare spatially independent models for the same region. Douglas (2011) has created a review-like report which represents the several attenuation models for different seismic provinces created between 1964 and 2010. Of the recent researches in the literature, Bindi et al. (2014) and Bindi et al. (2011) have given extensive predictive attenuation models for central Asia. Various researches were made similar for the USA (Atkinson and Kaka 2007; Bakun 2006; Bakun et al. 2003; Bakun and Wentworth 1997) . Besides, Doser (2009) distinctively used the intensity data to estimate locations and magnitudes of the Alaskan earthquakes. The macroseismicity studies have gained great interest for very different purposes a great majority of which were conducted for Europe (Ambraseys 1985; Bakun and Scotti 2006; Levret et al. 1994; Musson 2005; Sørensen et al. 2010a, b; Stromeyer and Grünthal 2009; Tselentis and Danciu 2008; Văcăreanu et al. 2015) , for Japan (Bakun 2005) , for Iran (Nemati 2016; Yaghmaei-Sabegh et al. 2011 ). Specifically, Yaghmaei-Sabegh (2013 performed an analysis on the purpose of seismic intensity estimation employing Fourier spectrums of Iranian earthquakes and clearly showed fairly good consistency with the predicted intensity values when the number of recordings of historical earthquakes was not adequate for an examining site. Currently, Yaghmaei-Sabegh (2018) has developed a relationship based on the model of Sponheuer (1960) using 560 pointwise intensity data obtained from the Iranian earthquakes occurred between 1975 and 2013. In another part of the world, Varazanashvili et al. (2018) have supplied the first macroseismic database for Georgia covering both historical and instrumental period.
The brief review of early macroseismic attenuation studies made for Turkey has been summarized particularly for sound model selection. For Turkey, both to a national and to a regional extent, there have unfortunately been a small number of available macroseismic attenuation studies (Table 1) . On the macroseismic intensity of shallow crustal earthquakes, the distance-and depth-driven propagation studies in Turkey date back to early 1950s. Of several studies that can be used in this study, Ergin (1969) suggested a relation based on intensity against epicentral distance with an absorption term for Turkey. Kolçak and Sipahioğlu (1979) suggested an attenuation relationship based on modified Mercalli intensity for western Anatolia. Gurpinar et al. (1979) developed an attenuation relation, and then they used it for delineation of the seismic risk potential of North Anatolian territory. Erdik and Öner (1982) suggested an attenuation relationship particularly designed for use in the North Anatolian Fault zone (NAFZ) based on the Medvedev-Sponheuer-Karnik (MSK) scale. Erdik and Eren (1983) proposed attenuation relations using the dataset collected in the MSK scale for the NAFZ. Erdik et al. (1985) suggested attenuation relations with MSK scale, and they applied them to seismic hazard studies. Yarar et al. (1984) developed two relations for NAFZ + East Anatolian Fault Zone (EAFZ) and Aegean Graben System (AGS). To the best of our knowledge, all the aforementioned studies for Turkey were conducted using surface wave magnitude. Relatively recently, the relation proposed by Böse (2006) was in a slightly complicated form containing moment magnitude term and Joyner-Boore distance (Joyner and Boore 1981) that defines the closest distance to the surface projection of the fault. Besides, it has an empirical correction factor (c B ) depending on the local site condition and magnitude. Sørensen et al. (2009) developed two zone-specific attenuation relationships for the region of the Marmara in Turkey. In this study, nine relation models have been adopted as candidate attenuation models (see Table 2 ).
Database used
In this study, earthquakes recorded in the instrumental period (from 1900 onwards) were only taken into consideration. We used a recent moment magnitude-based homogenized earthquake catalog (Kadirioğlu et al. 2016) for Turkey. On the other hand, we intended to compile the largest macroseismic catalog ever used in Turkey consisting of 49 earthquakes (descriptive data can be found in the electronic supplement to this paper). The total number of earthquakes used in this study is considerably higher than those of previous studies ( Table 3 ). The imprint isoseismal maps were first collected and assessed in terms of the usability and soundness (related references are given in the supplementary material to this paper). Later on, these maps were spatially tested in order to define whether or not the specified locations are currently Kolçak and Sipahioğlu (1979) R7 
Atkinson and Wald (2007) R9 correct. For this purpose, all maps were geo-rectified in the digital environment of ArcGIS software. The erroneous maps that were found to be incompatible with the known settlements information (that day's situation) got discarded. The geo-rectification error terms called root mean square (RMS) of all digital maps were found to be less than or equal to 0.05, and this signified that all the digital maps were now ready to use for further digital analyses. The corresponding epicenter locations were then overlaid with the confirmed maps. The World Geodetic System (WGS 84) was used in throughout the study. A particular MATLAB code list (codes in the electronic supplement to this paper) was written for gridding the digital maps into 0.02° × 0.02° spacings and to pick the corresponding intensity from each intensity data point. The grid points that correspond to the macroseismic intensity contour were determined as the intensity data point (IDP). The distance from the epicenter location of each IDP was calculated as a Euclidean distance in kilometers. The arithmetic mean of the distance between the epicenter and an IDP was calculated and used. Single numeric intensity value (being integer) was assigned to each IDP. The coordinates, magnitude, depth, distance from the epicenter of each IDP and intensity values were stored in an attribute table (the list can be found in the electronic supplement to this paper). We used the opportunity of computer laboratories of the Karadeniz Technical University concerning software used in the current study.
Different source mechanism can create some possible diverting effects on the felt intensity. Azimuthal variations belonging to the spreading energy can display a significant role in the level of felt intensity. On the other hand, anisotropic wave propagation and local site effects are another major factors that affect the amplitude of the shaking perceived. However, if we had divided our database into sub-datasets according to the faulting mechanisms of the events, each dataset data would be clearly insufficient to use in analyses and would even not be useful in statistical correlations.
Limitation of boundary values of the database not only constraints but also defines the limits of applicability of any relations. Due to the boundary values of our database, reliable usage margins of each attenuation relations are as follows: 4 ≤ MMI ≤ 11; 4.5 ≤ M W ≤ 7.90; 3.0 ≤ h ≤ 80 and the maximum and minimum mean epicentral distances of IDPs are 225.65 and 6.54 km, respectively. The illustrative graphs of the resultant database are shown in Figs. 1, 2 and 3.
Before we start analyzing the problem, we made an analysis on data on whether or not the whole database was reliable and statistically significant. Supposing the variables follow the bivariate Gaussian distribution, it is possible to check the reliability through an elliptic coverage called confidence ellipse ( Fig. 3 ). Center coordinate, shape and inclination features depending on the parameters have been derived from the variable set itself. Figure 3 showed that a significant majority of the data was in the same array (95% confidence ellipse) which is statistically significant and reliable.
Regression technique adopted
The classical and mostly used regression technique is the linear regression that is already known as ordinary least squares (OLS). The OLS supposes that the errors of variables have a constant variance which is a fairly rare circumstance in earth science data. However, OLS becomes fairly advantageous while the dataset represents an explicit form of homoscedasticity. The macroseismic database compiled and used in the present study can undoubtedly reflect only the available part of the whole data which belong to the all events occurred in the modern history of Turkish seismicity. Therefore, it is impossible to expect that any incomplete database can possess all the features of the complete data. For this reason, as is well known, all prediction-based attenuation studies are done by a limited number of data. Of course, any increase in the number of data usually leads to better correlations which make the prediction relationship more robust. Although our macroseismic database is one of the representative databases, it is the most comprehensive one ever prepared for Turkey. For this reason, it is expected that the error margin of developed relations will somewhat be less than that of the previous relationship.
In this study, multiple linear regression was used to create candidate attenuation relation models. Particularly, the weighted least squares method (WLS) was intentionally used to determine the coefficients of independent variables in each model. Because WLS is a pure generalization of OLS in which the errors covariance matrix is allowed to be different from an identity matrix and further it can help us to reflect the behavior of the random errors in the model. Hence, the approach of WLS is a potent tool when the heteroscedasticity exists. All the things considered, WLS comes to the forefront as a powerful tool that particularly makes the result less biased. For brevity, some reminder points of the method are given below only, the excellent book of Chatterjee and Hadi (2015) is strongly recommended for further clarification.
When the mathematical expressions of the relationships (Table 2) are examined, it is seen that some of the relations have several terms that creates the nonlinear nature. However, it is known that nonlinearity feature can be solved by linearized patterns through some modifications on the partial coefficients.
The general form of multiple linear regression is as follows, where 0 is the intercept and 1 , … , j are partial coefficients, i is the error term which is mostly accepted as normally distributed.
The matrix form of the above arrangement is written as
In order to minimize the error matrix in respect of B , the least square estimate of the vector B can be written as B = X T X −1 X T Y ; X T denotes the transpose of X . So, the predicted value of Y for a given X turns to Ŷ = XB . At exactly this point, how to determine the weights is one of the most controversial issue about all weight-based method. Several forms of weights can also be adopted for analysis, and the selection is mostly dependent on the analyzer. As is
known, most weight models depend either on the variance or sigma (simply called direct weight). Besides, weights can be calculated by means of several coupled terms (i.e., instrumental weight, statistical weight, etc.). If the weight is assigned as 1.0 w i = 1 , this state is called no weighting and so yEr± becomes absent.
In this study, we used a weight in the form of instrumental weighting w i = 1∕ 2 i where the i values from the ith row of yEr ± column. If we follow the same notation, is assumed to be multivariate normally distributed with mean vector 0, and the nonconstant variance-covariance matrix is written as
becomes a diagonal matrix which comprises of the weights. Now, we can briefly rewrite all the algorithm in a single line, the least square partial coefficient becomes
In other words, the solution B for fitting with weights (W) is written as B = X T WX −1 X T WY.
Results
Upon all the weighted multivariate regression analyses, the coefficients of each model given in Table 4 were obtained. R 2 and adjusted-R 2 variation among the candidate models are given in Fig. 4 . On the one hand, R 2 presumes that any single variable demonstrate the variation in the dependent variable. On the other hand, the adjusted-R 2 gives a percentage of variation that is determined by only the independent variables that actually impinge upon the dependent variable. The adjusted-R 2 will always be less than or equal to R 2 . When Fig. 4 is examined, it is visible to the eyes that all relationships, excluding the ninth one, possess R 2 and adjusted-R 2 values which are very close to each other in the 46-43% band.
In the regression analysis, the p values (or calculated probability value or level of statistical significance, alpha) for each term examine the null hypothesis whether or not the coefficient is equal to zero (no effect). The low p values (< 0.05) signify that the null hypothesis can be rejected. Namely, if a predictor that has a low p value is likely to be a meaningful addition to your model.
Besides, the ninth relation has a relatively larger R 2 value than others. However, according to the calculated p values of coefficients for 95% confidence level, the necessary interpretations are as follows ( Table 5 ). The p value for each term tests the null hypothesis that the coefficient is equal to zero (no effect). A low p value (< 0.05) indicates that the null hypothesis can be rejected. In other words, a predictor that has a low p value is thought to be a meaningful adding to the model. Conversely, a larger (insignificant) p value denotes the changes in the predictors that are not associated with the changes in the response. For the last coefficient of the fifth relation and the last two coefficients of sixth and seventh relations, calculated p values are found to be higher than the expected value (0.05). Both for the constant value and the third coefficient of the eighth relation and for the second, fourth and seventh coefficients of the ninth relation, p-statistics is found to be larger than expected (0.05).
Consequently, these relations (5-9) have been rejected for subsequent analyses due to lack of statistical significance.
After having analyzed all the candidate relation forms, the abovementioned preliminary statistical results get the number of the relations reduced to four (R1-R4) that are given as follow.
(R1) I S = 7.023 + 0.703M W − 2.826 log R epi 
against increasing distance occurs in the relations within the context of different coefficient variations. R1 and R2 have evaluated altogether because the main independent variables are the same. As can be seen in Fig. 5a , b, both relationships have the same curve-like attenuation characteristics. The upper and lower curves particularly cover the nearly full range of the data. However, if we pay attention to Fig. 5c, d , the situation seems to be a little different. In and around the places where are not only right over the epicenter (zero distance) but also in the proximity of epicenter, each attenuation curve becomes tangent to the vertical (intensity) axis. As the earthquake magnitude increases, epicentral intensity values yielded by R1 have clearly emerged out of the MMI scale. We should cautiously note again that our attenuation relations are not the fully epicentral intensity relations nor were they designed to use in this regard. They were designed to grasp the best nature of the site intensity values. So the shifts and extrapolations that are available at the places where are very close to the epicenter (< 6.54 km) should be omitted because the relation was not designed to convergence to the values. In other words, they have been designed to estimate a site intensity and hence each has a compact epicentral intensity term. Much as all relationships have been designed to yield the intensity values for the spatial locations of the threshold distance of 6.54 km, they should strictly not be regarded as epicentral intensity attenuation relations despite the fact that there have been attenuation characteristics of the first model (R1) to be viewed as successful even for smaller distances. Furthermore, according to usability limits of the relations, the predicted intensities have been observed within the limits of the MMI scale, namely no saturation observed. At the close distances to the epicenter, the estimated intensities from R2 start with the slightly lower values than those that were calculated through R1. Besides, it is clearly visible to the eyes that R2 tends to exhibit a faster attenuation feature than that of R1 ( Fig. 5c, d) .
The attenuation characteristics of R3 and R4 depending on varying independent parameters (magnitude, hypocentral depth and distance from epicenter) are shown in Fig. 6 . When Fig. 6a -e is examined, it is visible to the eyes that R3 is much more influenced by the depth variations. Namely, as the earthquake depth getting shallower, the estimated intensity values tend to increase nonlinearly which is consistent with the nature of energy propagations of earthquakes. With the increasing depth, the curvilinear trend that represents nonlinear attenuation has deviated toward horizontal. With not only the increasing depth but also increasing magnitude values, the unique intersection of all curves is observed at the distances (25 and 30 km off the epicenter) which is also apparently consistent with the near-field condition. Hence, this case reveals that the relations are of inherent and integrated near-field and far-field state distinction. Immediately after the near-field distances, the overall attenuation characteristic is observed as a distinctly spreading feature, unlike its predecessors. For the same magnitude values, it is inferred from Fig. 6 , the depth increase has not made a significant difference in the overall attenuation characteristic of each relation. Upon overestimation at the very close distances to the epicenter, as is explained their nature above, the curves of R1 and R2 cooperate with the shallowest R3 curves. It partly signifies that the depth term pre-mounted to the body of relation has worked very well correctly yielding reasonable results. Of the relations, R4 is the most similar relationship to the R3. However, its attenuation characteristic has shown some fundamental differences that can be seen in Fig. 6f -j. The characteristic curvilinearity of R3 and R4 is almost opposite to each other, and furthermore, curves belonging to R4 have an inverse inclination trend against curves belonging to R3. Another significant difference for R4 is that all repeated computations depending on the same magnitude value show a sort of convergence on the only one MMI value nearing the zero distance (epicenter). This leads to a conclusion that the possible depth variation has not been observed to be effective as high as we expected for the R4, in contrast to R3. These steadily changing MMI values are also lower than those of other relations are. However, at the lower distances, R4 tends to supply the lower intensity values than that of R3. When taking into account the limit curves derived from R4 depending on minimum and maximum magnitudes and depths, it is easily inferrable that the inclusion feature has been in a way that is beyond the limits of the dataset.
Although our models (R1-4) are found to be statistically significant, it would be an appropriate way to test their prediction performance with the IDP data itself. Therefore, actual event-based computations have been carried out to take into account the entire macroseismic database. As a result of the consecutive computations, it is observed that each model is in compromise with the actual data. For brevity, six characteristic sample earthquakes have been selected and used to test the estimation capability of the relations, and the obtained results are given below. The reason of why these particular events have solely been chosen from the entire database is that they have genuine potential to reflect the applicability of the relations depending on the estimations by utilizing their distinct and varied characteristics (see Table 6 ). If we compare the magnitudes and MMI values of these earthquakes both with the number of casualties and the number of buildings damaged, it will clearly be better understood why we have chosen these quite different characteristic earthquakes. To the best of our knowledge, the selection of As is well known, the calculated residuals refer to the numerical subtraction that is done between the predicted and actual values. The mathematical definition of the residual for ith observation in a dataset can be written as e i = y i − g(⃗ x i ;⃗) ; y i refers to the ith response in the dataset and ⃗
x i denotes the list of explanatory variables, each set at the corresponding values is found in the ith observation in the dataset.
In order to find the optimum or the most feasible candidate model (R1-4) , they have been parametrically tested through the residuals whether or not the random errors are normally distributed. Normality test is a kind of well-known statistical tool that is used to determine whether or not a dataset is consistent with a given distribution. Of several tests, Kolmogorov-Smirnov (KS) and Anderson-Darling (AD), which can also be used interchangeably in general, have been used to show whether each residual set is Gaussian or not. After the tests performed, the null hypothesis has been rejected, and all the residual data have been determined as non-Gaussian. The values of KS and AD statistics are found to either being minimal values (e.g., 3.78E − 21) or either 0 or − 1. The reason why any dataset does not follow the normal distribution is due to the existence of too much and nonlinearly scattered IDP data. Quantile-Quantile (Q-Q) plots belonging to each residual dataset have been created and interpreted for checking the normality again. In the Q-Q plot (Fig. 7) , if all observations are on the straight line with a 45-degree slope, it denotes the clear consistency with the specific (normal) distribution. As is seen from Fig. 9 Data-driven examination the relations tested through the results of MAD, MSE, RMSE and MAPE tests (Case 1: These tests have been applied for selected six earthquakes regardless of distance limits of the relations tested) Fig. 7 , no residual data fully fit the normal distribution. Some of them reflect the positive or negative skewness, and some other, which are better than the majority, represent symmetric with fat tails.
Employing the data of sample earthquakes, each curve of empirical intensity models has been generated (Fig. 8) . In Fig. 8d , significant disaggregation of the curves is visible to the eyes for the Bala earthquake only. Because there are only two intensity values drawn for this earthquake and all the intensity values calculated from the relations have emerged as disaggregated. Further, the estimated intensities are not homogenous, and somewhat barycentric nature exists in this event.
Also, several statistical tests called MAD, MSE, RMSE and MAPE have been applied to all IDPs belonging to each test earthquake so that the proposed and existing relations can objectively be compared. These tests are widely used in several disciplines with the aim of measuring the forecast accuracy. The implementation samples can be found in several sources in detail, and particularly, Makridakis et al. (2008) strongly recommended to read. In order to delineate the performances of relationships in the context of test earthquakes, the results of the tests are comparatively interpreted below.
MAD test (1) calculates the mean absolute deviation that is a sum of absolute residuals or an exact difference between the actual and the predicted values divided by the total number of observations. MSE test (2) calculates the mean square error that gives us an excellent inference tool for the big data analysis. This test is the most preferred test because it penalizes the larger errors rather than smaller ones due to its squaring effect. RMSE test (3) calculates the root mean square error that is widely used in geographic information system and particularly in spatial data analysis. It is simply the square root of the MSE. MAPE (4) computes the mean absolute percentage error and focuses on how much percentage error approximates the observed values while the data are used altogether. The test results are presented in Fig. 9 .
It would, of course, not be realistic to expect all models to perform best for each earthquake. This is an actual fact that can particularly be inferred from Figs. 9 and 10. These tests have been conducted for six earthquakes (Fig. 9) . Then, the maximum distance was first limited to the distance that we suggested for each relationship. Further, these tests have distinctively been conducted again for the earthquakes whose maximum distance belonging to the least MMI value is larger than that of usability limit of the relations. In both cases, the results of tests used for delineation the error margins are similar. Namely, some models have provided the best result as the sample earthquakes change. The critical point is those new models exhibiting the least error potential stand out from the early ones. The stacked bar graph is given in Fig. 11 and represents the percentages of the erroneous estimations of new relations. The term 'stacked' means the
summation of each set of values that is upgraded to 100%. The stacked bar graph has been used as a quantification tool for making a comparison of the results regarding test earthquakes. In a nutshell, when all the related figures are examined, the reliability of all models denotes that they can reliably be used in further studies. The results of the tests (MAD, MSE, RMSE and MAPE) that are depicted in Figs. 9, 10 and 11 show that the new models (R1-4) are of sufficient error potential comparing with previously published relationships.
All the things considered R1-4 are found to be either the best ones or the second best among all the relations examined in Figs. 9 and 10 .
Discussions
The main goal of this paper is to develop several and distinct attenuation models that may help to compute the macroseismic site intensity estimates based solely on simple earthquake parameters (magnitude, distance, and depth). For this purpose, we propose the fact that our new models are ready-to-use in macroseismic intensity estimations that is to be done for a particular zone or location whose epicentral (threshold) distance is equal to or greater than 6.65 km. As is known, the threshold distance concept belonging to the nearfield state is a controversial issue, and the relevant margins are also disputable. Even though the maximum threshold distance value is regarded as 30 km, our suggested relations exhibit a reasonable prediction behavior as if they are epicentral intensity models. This is because our database is the most extensive database ever collected for Turkey, and the diversity of the earthquakes has been at a significant level, and it has the utmost positive effect on the approximations. Because the spacing between the grids is designed as optimum as possible, overall prediction sensitivity has been grasped to be utmost level. Besides, the griding could, of course, be done in a much more smaller extent than the way we did. However, in that case, excessive amounts of spatial data would be generated which could definitely make the data very difficult to use in calculations. When developing a site intensity prediction relation or, in other words, attenuation relation, it would be so misleading to expect that the model with some logarithmic expressions works well at or near the zero distance of the epicenter. For proper estimations using the suggested relations in this study, the feasible minimal threshold epicentral distance is 6.54 km. The suggested relations should not be expected to work properly at lower distances than the threshold distance. They have specifically been designed for this purpose in order that the nature of all spatial distribution of the felt density cannot be dominated by the existence of the peak epicentral intensity.
We strictly note that all earthquake data used in the paper have neither been synthetically produced nor estimated. However, it is evident that we could calculate the epicentral distances of the earthquakes in another distance metric. Even though in-depth data regarding the faulting mechanism were not available, we could estimate it using some kind of conversion equation.
As is known, several source-to-site distance metrics have so far developed and used in the GMPEs. However, epicentral distance is simply the first defined distance aftermath the earthquake. Rupture and Joyner-Boore distance can then be determined if the fault orientation is well known. On the other hand, any early warning system aims to disseminate the initial estimations as faster as possible regarding the incident. In the strictest sense, this simplistic point of view would create another bias.
On the other hand, providing a relation or relations depending on another distance metric rather than epicentral one would highly likely help to increase the scope of the manuscript. However, both due to the explained reasons and the brevity of the paper, this plan was then shelved to be dealt with later on. Simply, we have preferred to use directly measured distances instead of those inferred ones.
An interesting correction factor postulated by Böse (2006) represents that the local site conditions are of more or less effective on the felt intensity. This is another expression of the known fact that both instrumental and felt intensity amplitudes are prone to local soil conditions. As is very well known that the characteristics of the stratigraphy can be effective on spatial variations of the strong ground-motion amplitudes. On the other hand, although a large number of ground motion prediction equations have a shear-velocity term that is designed for modeling the nonlinear siteamplification. Particularly, generic rock-site conditions (V S30 = 760 m/s) are used in the estimates for the purpose of idealization and simplifications. Because local site conditions cannot practically be physically determined at every point on the Earth, the computations tend to approximate the ideal conditions. In this sense, our candidate relations do not have a local site condition term not only due to the lack of enough data to use but also so as not to reduce the possible applicability of them into any casual case in the future.
As is known, not only felt intensity but also the instrumental intensity of an earthquake is fairly site-specific. To supply immediate feedback to the responders and pertinent authorities, it is mostly determined through the amplitude of peak ground acceleration. In Turkey, as is pronounced by Bilal and Askan 2014, up to 2014, there was a single relationship between MMI and PGA postulated by Arioglu et al. (2001) based on only 13 groundmotion records picked from the 17 August 1999 Kocaeli (M7.6) earthquake. Using 92 individual datasets from 14 Turkish earthquakes, Bilal and Askan (2014) developed a For further clarification, it should immediately be noted that the attenuation relations aim to predict the value in the context of their design dimensions, in other words, depending on some kind of usability limits. In this study, from our point of view, the goal is to develop relationships that can estimate the MMI values using pointwise data generated from the actual attributions of isoseismal maps as is detailedly explained in "Database used" section. Therefore, while using the intensity data points, we have specifically not focused on picking the epicentral intensities. Because, in each isoseismal map, the first contour determines the boundary of significant MMI level off the epicenter and namely the map assumes that the first enclosed area including unique epicentral point experienced at least the same shaking. However, it is an inevitably map-based and useful assumption, albeit rather hypothetical.
Consequently, an attenuation relation can be thought of as an isoseismal plotting tool which calculates the fictitious MMI curve at the given distance. It may sound interesting to see the convergences nearing the zero distances on the panel plots in Figs. 5 and 6 which have deliberately been produced and given in the manuscript. From this point onward, we deliberately could force the regression equation to cross a fixed point in order to yield a maximum MMI level of 12 at the zero distance. However, this would not be consistent with our way of thinking about isoseismal map generation as explained above, and particularly we aimed to develop site intensity prediction relations. On the other hand, our minimum distance data are 6.65 km off the epicenter. We have shown that right after this distance our new models have a clear predictive ability beyond the other models developed for Turkey. However, at distances of less than 6.65 km, the estimation capability of the relations gets lost, and the estimated intensities start to saturate significantly.
It is not always realistic to expect that the predicted intensity contours perfectly overlap with the observed ones. Because numerous independent parameters affect the intensity value and it is nearly impossible and not practical to collect them into a single body of mathematical relation. Mainly, when the attenuation relations are to be used in earthquake-induced risk analysis which takes into account the magnitude, depth, physical features of entire building compendium including densities, population and its spatially varying densities, local site conditions, the time of incident (whether day or night and whether weekday or weekend) and so on, much more realistic results will likely be achieved.
Three event-based computations made for overall testing the suggested relations. Several descriptive plots are given in Figs. 12, 13, 14, 15, 16 and 17 to show the prediction performance of the new relations. As a beginning, 1957 Fethiye-Rhodes earthquake (M w : 7.1, h: 80 km) having a large-magnitude with relatively high hypocentral depth has been used in the computations. Figure 12 shows the ultimate estimation performance of the relations comparing the estimated intensities with the observed intensity values. As Fig. 12 indicates, the predicted intensities are very close to the observed intensities.
The absolute percentage error (APE) is a kind of statistical measure of how accurate a forecast system is. It is determined with the actual values g a i (x) and predicted values g p i (x) c a n b e w r i t t e n i n a f o r m o f
The absolute percent error (APE) distributions have been plotted for examining the relation regarding this earthquake and depicted in Fig. 13 . It shows that the overall absolute error is approximately lower than 20%. For the 1983 Bala earthquake (M w : 4.7, h: 38 km), which is an extraordinary example with barycentric, the observed intensity values have been identified to have shifted from the epicenter to the northern sites where the density of settlements is overly stiff than that of the epicentral location. It is a glaring example of the fact that the densely packed settlements and crowd in the resident population play a significant role in barycentric nature. On the other hand, it is an example of the known phenomena that increasing settlement and population density may create a sharp increase in the values of felt intensity. Even in this extreme case, new relations have yielded quite successful results. Figure 14 indicates that the predicted intensities are within the range of the observed data. The absolute percent error (APE) distributions plotted for this earthquake in Fig. 15 show that the overall absolute error is approximately lower than the 30%.
The 2003 Bingöl earthquake, which is a medium-sized earthquake with a relatively shallow depth (M w : 6.3, h: 10 km), has been used in the computations. Figure 16 shows the performance of the outputs of relations when comparing them with the observed intensity data. Besides, the predicted intensity contours are found to be fairly compatible with the observed intensities. The absolute percent error (APE) distributions plotted for this earthquake are depicted in Fig. 17 . It shows that R1 and R3 have outperformed R2 and R4. Particularly, Fig. 17d shows that the absolute errors increase with increasing distance, particularly for the places where are away from the maximal distance of the relations. However, if Figs. 9 and 10 are examined, R4 is assessed as the best-performing equation in the case of this earthquake and this is due to the metric differences.
The 1939 Erzincan earthquake (M w : 7.9), the largest earthquake in Turkey in the last century and caused massive destruction. The observed intensity curves of this earthquake are of a very complex structure and therefore the observed, and calculated intensity curves are not fully matched (Fig. 18) , nor should such a case be expected. This situation is clearly seen in absolute percentage error graphs, and error rates are calculated as approximately 60% (Fig. 19) .
The predicted intensities are very close to the observed intensities for the 1966 Varto Earthquake (Fig. 20) . The most likely reason for that is the circular decrease observed in intensity curves. The absolute error is approximately lower than 30% (Fig. 21) . In this earthquake, it can be said that R1 and R2 have a better fitting feature.
The 1999 Izmit earthquake (M w : 7.6), one of the largest earthquakes in Turkey, occurred in the last century and caused massive destruction. The observed intensity curves of this earthquake are of very complex structure and therefore the observed, and calculated intensity curves are found not to be fully matched such as the case of Erzincan earthquake (Fig. 22 ). This is due to local soil conditions, characteristics of building compendium and spatially varying population density. For these reasons, no exact match has been observed between the observed and the calculated intensities. The absolute percent error (APE) distributions plotted for this earthquake in Fig. 23 show that the overall absolute error is approximately lower than 40%.
It should be emphasized here that there have been a somewhat visible mismatching states in Figs. 12, 14 and 16 . However, they do not fully suffer from the mismatch between the predicted and actual intensity contours. This issue should be evaluated together with Figs. 13, 15 and 17 because it is normally impossible to hope that any attenuation relation can have an ability to fully overlap with the observed contour. Further, it is neither practical nor possible. All we know that the felt intensity depends on several factors, for instance, the local residential settlement type, building classes, possible variation ground motion parameters. It even depends on whether the earthquake occurred during the day or night. We noted that any ground motion model has more or less biased predictive capability, and no unbiased model has ever been created to date.
Conclusion
This study has been undertaken to design, develop and evaluate new alternative macroseismic intensity attenuation relations to potentially be used in possible macroseismic intensity estimations. Besides, this study sets out to better understand the characteristic features of spatially varying felt intensities. Further, it helps to test the possible effects of multiple physical factors (magnitude, hypocentral depth, site-to-source distance) on the felt intensity. The nature of these factors has long been known as having somewhat contribution to the level of macroseismic intensity. In a nutshell, to this end, we first have collected several isoseismal maps of Turkish earthquakes that happened in the past, and we have made them digitized. Using these digitized maps, spatially varying intensities have been captured to store a database that has been used as a mainstay of this research. Several statistical techniques, metrics have been used to quantify the usability of the suggested attenuation relations. Our attenuation relations, most of which are either in the same form of prior ones or is very similar to them, have been used to find the best models that fit to our database. Despite its exploratory nature, this study particularly offers some insight into the "site intensity" concept which is commonly thought to be indispensable easiness that should be handled aftermath a destructive earthquake. In this regard, the current macroseismic intensity attenuation relations are found to be quite useful compared with the early relations developed for Turkey. Besides, our new relationships provide considerably successful site intensity attenuation models. These positive differences and favors reveal them as possible alternatives to previous relationships.
The following conclusions can be drawn upon this study.
• Much as the current study is based on a small sample of ideally whole earthquakes of Turkey (but almost always unavailable), which is indeed larger than ever created for Turkey to date, the findings remind that if the database gets larger, the approximations tend to make fewer mistakes. However, in addition to the digitally producing shake maps in a couple of minutes right after an earthquake, which is a trend that is fairly common in seismology, it is very important to produce isoseismal maps based on actual observations to be made in the hit areas particularly due to a destructive earthquake. This approach will obviously help to both increase the reliability of the macroseismic data and decrease the possible bias on the possible future approximations. • Of several distinctive natures of this study, this study does deliberately not use the single felt intensity data assigned to the epicenter in the computations. Because during the data collection phase, which was prepared for the collection of gridded field data, the use of pointwise epicentral data would fairly suppress the attenuation characteristics of the relations. Because it aims to shed some light on the topic of site intensity models for Turkey rather than epicentral intensity models. To do so, we fell that it makes us more possible to picture and model the spatial distribution of felt intensity over the ground. Consequently, in a very short, the fact that MMI values belonging to the Epicenter locations have not been used in the analyses related to the main purpose of the relations that aims to capture the site intensity estimates. From this perspective, it is neither a shortcoming nor an out-of-purpose defect and is fully based on the point of view entirely adopted in the study. • The threshold distance, which can be pronounced to be the lowest distance limit, is a distance from which the relations begin to work properly, and it is 6.54 km. Due to the nature of the suggested relations, it should be noted that, at distances less than threshold one, the suggested attenuation models cannot estimate the felt intensities accurately owing to the saturation in the proximity of epicenter. The maximum distance to which the calculation sensitivity of the relations begins to disappear is 225.65 km. The other feasible limits are as follows; 4 ≤ MMI ≤ 11; 4.5 ≤ M W ≤ 7.90; 3.0 ≤ h ≤ 80. • The succinct tutorial for the possible use of relations in the estimates is simply summarized below. First, calculate the estimated felt intensities using fixed earthquake data starting from the threshold distance to the maximal usability limit of the distance of the relations and then enclose the isoseisms which get the same values at the same distance, draw the first isoseismal having an integer of the epicenter, as with any mapping application, epi-center will have either the same integer value with the first contour or will have one unit larger than that of fist contour. • Of several macroseismic intensity scales, we have chosen to use the MMI scale. Because there is a beneficial opportunity to convert the MSK scale into the MMI scale nearly without any effort. As we mentioned above, all maps used in this study were drawn according to either MMI scale or MKS scale. • As explained in the several sections of this study, the validated relations can be used in future early warning models in Turkey. However, we must solemnly attest that this study is an independent study and it intends to create models for general scientific public opinion, neither particularly for AFAD nor for KOERI.
In terms of directions for future research, further work should be done both for improving the presented relations and for establishing a novel theoretical and practical way of thinking about macroseismicity. A future study only investigating epicentral intensity-based attenuation relation would be very interesting. In the strictest sense, further studies are required to better understand the discrepancies between estimated intensity and felt intensity. In this regard, developing some sort of region-driven relationships to particularly be calibrated by the pertinent building compendium and demographics would be groundbreaking. As is inferred above, a number of possible future studies using the same dataset are apparent. Hence, all the data that we used in this study are freely available from the authors upon reasonable request.
Fig. 22
Graphical representation for comparison of the observed intensities for the 1999 Izmit earthquake with estimated values through R1-4 (Observed intensity contours are in black, the predicted intensity contours are in red and blue. The estimates of R1-2 are given in the upper panel, R3-4 are given in the lower panel.)
